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Introduction 30
At present, agri-food waste and by-product valorization processes are focused on the recovery 31 of low-value compounds such as fertilizers and building blocks, which can be used directly or as 32 carbon sources in fermentation processes and for energy production (i.e. biogas). Some of these 33 applications have been optimized over the last few decades, while other applications are still at 34 their early stages of development. As far as the biomacromolecules from wastes are concerned, 35 was employed as an effective intumescent flame retardant coating for cotton fabrics, since it has 48 demonstrated to provide self-extinction in horizontal flame spread tests and a substantial 49 reduction in the heat release rate in cone calorimetry tests Bosco et al., 50 2015) . The DNA's fire retardant activity has been ascribed to the simultaneous presence of 51 phosphate groups, nitrogen bases and deoxyribose sugars in the same molecule, which makes the 52 biomacromolecule to be considered as an intumescent-like product. On the other hand, proteins 53 derived from milk, such as caseins and whey proteins, show a fire retardant effect when 54 deposited on cotton fabrics. Although they cannot provide self-extinction of the flame, they are 55 able to significantly reduce the burning rate and increase the final residue (Alongi et al., 2014 ; 56 Bosco et al., 2013) . 57
On the basis of these findings, it is possible to consider that DNA could be a valid alternative 58 to traditional halogenated FRs, and could offer the opportunity of opening a new research 59 scenario related to this unconventional application. However, the use of commercially available 60 products might not be suitable because these chemicals mainly used in molecular biology for 61 analytical purposes (Dellaporta et al., 1983) , are available in very small quantities and are 62 extremely expensive. 
Characterization of extracted NAs 163

Quantitative NAs determination. 164
The NA concentration was determined by means of a spectrophotometric method, and the 165 absorbance was measured at 260 nm wavelength. Nucleic acids (DNA and RNA) absorb UVlight at 260 nm, due to the presence of nitrogen bases. The NA concentration in the extract was 167 determined according to the following equation (Eq.1): 168 (Eq. 1) 169
where A is the absorbance value at 260 nm, DF is the dilution factor and 40 is a constant (40 170 µg/ml of RNA has an absorbance value of 1 with an optical path of 1 cm). This concentration is 171 slightly underestimated because DNA, which has a constant of 50, is also present in the extract; 172 however, RNA should be predominant in quantity. 173
The NA yield (Y NA/DW %) was calculated by means of the following equation (Eq.2): 174
The nucleic acid purity was assessed from the absorbance ratio at 260 and 280 nm (Warburg 176 and Christian, 1942). 177
Agarose gel electrophoresis 178
Aliquots of the different NA samples were digested with a DNAase-free RNase (20 μg/ml), 179 and then analyzed by means of gel electrophoresis on 0.8% w/v agarose gels (Sigma-Aldrich 180 S.r.l. Milano, Italy) at 5 V/cm for 2 h in a 1 × Tris-acetate-ethylenediaminetetraacetic acid 181 (TAE) buffer containing 0.5 μg/mL of ethidium bromide (Sigma-Aldrich S.r.l. Milano, Italy). A 182
ATR spectroscopy 186
Attenuated Total Reflectance (ATR) spectroscopy of commercial herring testes DNA and of the 187 NAs extracted from FY and LV was performed using a Frontier FT-IR/FIR spectrophotometer 188 (16 scans and 4 cm -1 resolution), equipped with a Universal ATR Sampling Accessory (diamond 189 crystal). 190
SEM microscopy 191
The surface morphology of the NA-treated samples was studied using a LEO-1450VP 192 Scanning Electron Microscope (beam voltages: 5 kV). Fabric pieces (5 × 5 mm 2 ) were cut, 193 pinned onto conductive adhesive tape and gold-metallized. 194
Determination of Phosphorus concentration 195
The concentrations of the P element on the fabrics treated with the yeast NA extracts was 196 determined by performing ICP-MS tests. These measurements were carried out with a ICAP-Q 197 apparatus (Thermo Fisher, USA). The NA-treated fabrics (100 mg) were dissolved in 80 mL of 198 an HNO 3 /HClO 4 aqueous solution (4:1 molar ratio) at 50°C, then cooled to room temperature; 199 bi-distilled water was added to the obtained solution until a final volume of 100 mL was 200 achieved and then diluted in order to reach a suitable concentration for the tests (between 100 201 and 1000 ppb). The apparatus had previously been calibrated considering a multi-element 202 standard for phosphorus. Cotton fabrics were immersed for 1 min in the nucleic acid solution, which was kept in static 212 conditions and at room temperature. A multiple impregnation procedure was adopted to achieve 213 the desired final dry add-on (AO%). After each impregnation step, the fabrics were dried in an 214 oven at 105°C for 30 min. The total dry add-on applied to the cotton samples was determined by 215 weighing each sample before (W i ) and after impregnation with the solution and the subsequent 216 drying (W f ), using an analytical balance (Scaltec, accuracy: ±10 −4 g). The uptake was calculated 217 according to the following equation (Eq.3): 218 (Eq. 3) 219
Characterization of the fire behaviour 220
The resistance of the untreated and treated cotton fabrics to a flame application was assessed 221 by means of flammability tests in horizontal configuration. These tests were carried out by 222 applying a methane flame (25 mm length) for 3 s to the short side of the samples (50 × 100 223 mm 2 ), which were clamped in a U-shaped metallic frame, tilted 45° with respect to the plane 224 containing the frame. Total burning time, char length, total burning rate after the flame 225 application (calculated as the ratio between the char length and the total burning rate) and the12 final residues were evaluated. The flammability tests had the aim of mimicking the procedure 227 described in the ASTM D4804 standard, which is commonly employed for thin films, although 228 the specimen size was different (50 x 200 mm 2 in the ASTM D4804 standard). 229 230 3. Results and discussion 231
NAs extraction from the mixed vegetable wastes 232
NAs extraction from the vegetable wastes was carried out on a mixed scrap derived from a IV 233 range vegetable production line, as reported in the "Materials and Methods" section. Owing to 234 the high heterogeneity of the supplied wastes, the extraction results refer to two matrices, i.e. 235
MLV (mixed leafy vegetables) and LV (leafy vegetables). 236
The two matrices were extracted using the basic procedure described in Materials and Methods 237 that relies on a detergent-mediated lysis followed by ethanol precipitation. Then, different 238 parameters were taken into account in order to optimize the extraction procedure. 239
First, a set of preliminary trials was performed to evaluate the influence of the storage 240 conditions on the vegetable matrix. For this purpose, the NAs extraction was carried out on 241 either frozen or fresh MLV and LV samples. Freezing is an additional step that offers the 242 advantage of preserving vegetables for long periods before they are used. The frozen vegetable 243 mixture was thawed, ground and fully mushed up, while the fresh material was sent directly for 244 grinding. As reported in Table 1 , the extraction yields obtained from the frozen material were 245 almost doubled, compared to those obtained with the fresh substrate (+4°C for a maximum of 48hours) for the same extraction procedure. The NA purity values (OD 260/280 ) were almost the 247 same, and ranged from 1.12 to 1.17. 248
The main effect of freezing was a softening of the vegetable material, which became easier to 249 manage since vegetable tissues were broken down, thanks to the freezing/thawing cycle. This 250 procedure allowed higher quantities of NAs to be extracted with the same purity obtained by 251 treating the fresh material. This means that the total extracted mass of biomacromolecules (NAs 252 and proteins) was higher, but the proportion between those that absorb at 260 nm and those that 253 absorb at 280 nm remained unchanged. 254
The main parameters that influence the economy of a recovery process, at large scale, are time 255
and temperature, as well as quantities and the purity grade of the used reagents. For this reason, it 256 was important to identify the optimal combination of the parameters related to the ethanol 257 precipitation, which is one of the most frequently used NA recovery procedures. This operation 258 affects the process economy, due to the use of ethanol and the requirement of an incubation 259 period at low temperature that can be time consuming, as it is sometimes prolonged overnight 260 (Zeugin and Hartley, 1985) . For this purpose, the ethanol purity grade, the temperature, and the 261 duration of the precipitation phase were changed one at a time to obtain the best extraction yield, 262 taking into account the economy of the process. 263
The ethanol precipitation step was performed at two different incubation temperatures, namely 264 +4 and -20°C. The influence of this parameter on the extraction yield was evident. For MLV, 265
higher NA yield values (0.1%) were obtained at -20°C in comparison to the significant lower 266 percentage (0.02%) extracted from the same source at +4°C. Again in this case, there were no 267 differences in the NAs purity (OD 260/280 ), which was close to 1.13. For these reasons the 268 following extractions were performed at -20°C. 269
The influence of the ethanol purity grades (90, 96 and 99.8%) on the NA yields and purity was 270 then evaluated on the two matrices. As shown in Figure 1 (a) , no significant differences in the 271 extraction yields were found for the MLV and LV matrices, when the different ethanol purity 272 grades were used. The Y NA/DW % values were found to be in between 0.25 and 0.32%. On the 273 other hand, the ethanol with the lowest purity provided the highest NA yields, but with a high 274 standard deviation value. No differences were found for the NA purity (OD 260/280 ), which was 275 within 1.11 and 1.17 for all the samples. On the basis of these results, it was concluded that the 276 ethanol with the lowest purity grade (90%) could be utilized for the precipitation step, hence 277 achieving high extraction yields at lower cost. The results of the above trials, taken together, allowed the best conditions to extract NAs from 287 mixed vegetable wastes to be established. First, the MLV and LV sources gave comparablepreferable because it is only composed of leaves that are characterized by a similar composition, 290 irrespective of the origin of the vegetable tissues. On the other hand, the MLV source can contain 291 small pieces of vegetables (e.g. potatoes, carrots and pumpkin), in variable quantities, which are 292 rich in complex polysaccharides and which interfere negatively with NA extraction and 293 recovery. In fact, they contribute to the formation of macromolecular complexes, which are able 294 to embed the nucleic acids in a sticky and gelatinous matrix. Furthermore, polysaccharides have 295 a viscous and glue-like texture, which makes the precipitation and separation of NAs difficult 296 during the subsequent recovery steps (Guillemaut and Marechal-Drouard, 1992; Echevarría-297
Machado et al., 2005). 298
Second, the best results were obtained by starting from a frozen material that was subsequently 299 thawed, mashed up and mixed with the extraction buffer in a 1:7 ratio. This ratio was chosen on 300 the basis of the results reported in the scientific literature (Carboni, 2016) ; it also corresponded to 301 the minimum buffer quantity necessary to completely soak the utilized matrices. 302
Third, after extraction at 65°C for 30 minutes and filtration, the NAs were precipitated with 303 90% ethanol for 4 hours at -20°C. These optimized conditions were adopted to process the LV 304 matrix, in order to obtain sufficient NAs amount to impregnate the cotton fabrics. In this context, 305 it was mandatory to scale-up the whole process by increasing the starting material five-fold. In 306 particular, it was necessary to adjust the extraction temperature, which was raised to 68°C, and 307 the time, which was doubled (60 minutes). However, the scale-up did not affect the recovery 308 yields. In fact, the obtained value was equal to 0.33% and comparable with that obtained 309 previously in small-scale experiments using the same recovery conditions. Thus, it was possible 310 to utilize a solution with a NA concentration equal to 1.7 mg/ml and with a purity degree 311
NAs extraction from spent brewer's yeast 313
The second food industry waste that was investigated as a potential source of NAs was a spent 314 brewer's yeast. The basic extraction procedure of this matrix required the addition of a defined 315 volume of extraction buffer, followed by a series of freeze-thaw cycles and a ball milling step, 316 which was performed by adding glass beads to the yeast/buffer slurry. Then, after the removal of 317 the glass beads and the centrifugation to separate cell debris, the extract was microfiltrated and 318 ultrafiltrated to obtain an aqueous solution containing NAs. 319
As for vegetable wastes, different parameters of the basic procedure were changed in order to 320 maximize yields and purity of the extracted NAs, starting from beer slurry that was pre-treated in 321 two different ways: one batch was maintained at +4°C for more than 6 months and, just before 322 being used, yeast cells were centrifuged and washed three times with bi-distilled water (AY); in a 323 second batch, beer slurry cells, after their receiving from brewing industries, were immediately 324 centrifuged to separate yeast cells that were then washed three times with bi-distilled water and 325 stored at -20°C until their utilization (FY). On these two starting materials, the basic procedure 326 was applied and different extraction buffers, ball milling conditions, and filtration methods were 327 evaluated. 328
Optimization of the extraction buffer 329
To optimize the extraction buffer, first we considered the components required for yeast DNA 330 purification reported in the related literature: 1) one or more detergents, such as SDS (Sodium 331 Dodecyl Sulphate), CTAB (Cetyl Trimethyl Ammonium Bromide), and Triton™ X-100 332 (Octylphenol Ethylene Oxide Condensate) that are sometimes combined with enzymes, which 333 contribute to the cell lysis and to the protein removal; 2) the pH is usually maintained at a valueof about 8.0 by means of a Tris-HCl or a Phosphate buffer; 3) a salt, e.g. NaCl, which helps 335 during the DNA precipitation by neutralizing its negative charges; and 4) a chelating agent, e.g. 336 EDTA, to prevent DNA damage. 337
To reduce the cost of extraction buffer, the use of detergents and enzymes was avoided and 338 they were replaced by a combination of physical (freeze-thaw) and mechanical (glass beads 339 milling) methods to pursue the yeast cell lysis step. Therefore, the optimization of the extraction 340 buffer was investigated through three different combinations of the above remaining essential 341 components. The first consisted of 50 mM Tris-HCl, 10 mM EDTA and 50 or 100 mM NaCl 342 (coded as TNE 50/50/10 and TNE 50/100/10, respectively). EDTA was not included in the 343 second formulation, which just contained Tris-HCl and NaCl, in the same concentrations as the 344 first one (coded as TN 50/50 and TN 50/100). The third extraction solution was a phosphate 345 buffer (PB), without any of the other components. 346
The different extraction buffer efficacy was evaluated for both the AY and the FY starting 347 materials. The NAs yield (%) and purity values, calculated after the centrifugation step, are 348 shown in Table 2 . For AY, high yields were obtained with TNE 50/50/10 (13.1%), TNE 349 50/100/10 (13.1%) and PB (13.5%). Conversely, low yields were observed for TN 50/50 and TN 350 50/100 (11.1 and 11.6%, respectively). When the yields and purity values were combined, TNE 351 50/100/10 and PB resulted to be the best extraction solutions. In the case of FY, the results were 352 similar for all of the utilized extraction solutions and both the yield and purity values were lower, 353 compared to those of AY. 354 TNE 50/100/10 was therefore chosen for all the subsequent extraction tests. The PB solution 355 was discarded because, as it will be later discussed, it possessed an intrinsic flame retardant 356 effect that covered that of the extract. 357
Optimization of the ball milling step 358
As previously reported, a mechanical cell disruption method was employed to improve the 359 release of the intracellular components, especially NAs. For this purpose, glass beads were added 360 to the samples after the last freeze-thaw cycle, and a ball milling apparatus, with a rotation speed 361 of 150 rpm, was employed. The influence of two different grinding times (namely 10 and 90 362 minutes) on cell disruption was evaluated for samples incubated with the TNE 50/100/10 363 extraction solution. The NA yield (%) and purity values, obtained for AY and FY after the 364 centrifugation, are reported in Table 3 . The treatment time was found to affect the yield %, as an 365 increase from 13.1 to 15.5% for AY and from 5.3 to 9.4% for FY was observed as the ball 366 milling time was increased. On the other hand, the purity was not affected substantially for both 367 the yeasts. 368
Optimization of post-extraction purification steps 369
Two alternative filtration methods were applied to samples extracted with TNE 50/100/10 and 370 then centrifuged. Microfiltration was carried out by using a glass fibre filter (=0.7 μm) to 371 remove any solid particles that might still be present in the NAs solution. Ultrafiltration was 372 applied with a membrane cut-off of 10 kDa in order to reduce the concentration of the molecules 373 with an MW below 10kDa. The permeate was discarded, while the retentate, rich in NAs, was 374 recovered. 375
The yield % obtained for AY and FY after the two purification steps is shown in Figure 2 . A 376 decrease of the yield after ultrafiltration was particularly evident for AY (about 11%), likely due 377 to the presence of low molecular weight NAs (Figure 4 ) able to pass through the membrane. 378
However, purity of AY was further increased by the filtration steps since it reached OD 260/280 379 values higher than 2. This was probably ascribed to the removal of the smaller cell debris by 380 microfiltration and to the removal of low molecular size proteins by ultrafiltration. 381
Conversely, the filtration steps did not significantly affect the purity of the FY extract, since an 382 OD 260/280 value of 1.5 was found for the unpurified sample, whereas 1.6 was obtained for both 383 the microfiltrated and ultrafiltrated samples. 384
Taking into account that the yields and purities of FY were lower than those of AY, further 385 attempts were made to improve yield and purity of the FY NAs. Thus, the centrifugation was 386 replaced by a Celite filtration or a microfiltration (=1.2 μm) step. As shown in Conversely, DNA extracted from FY cells remained almost intact and enzyme degradation did 408 not occur. However, for FY, harder conditions for cell disruption were needed to get good 409 recovery of extracted DNA. Thus, FY was more sensitive to both the physical and the 410 mechanical cell disruption processes. As shown in Table 3 , the influence of the glass bead 411 grinding time was more pronounced for FY than for AY with a 4% difference between 10 and 90 412 min grinding. Finally, the LV DNA sample did not show a detectable smear and only a very low 413 quantity of oligonucleotides likely derived from the RNA degradation was visible. 414 FT-IR ATR spectroscopy was then used to evaluate the quality of the yeast NA (extracted 415 from FY) and vegetable NA (extracted from LV). The corresponding spectra were compared 416 with that of commercial herring testes DNA ( Figure 5) . First of all, it is noteworthy that, despite 417 a difference in intensity, all the spectra show signals in the 1250-1000 cm -1 region that 418 correspond to phosphate vibrations; furthermore, they also exhibit C=N vibrations at about 1600 419 presence of impurities that tend to aggregate, hence giving rise to a "island" growth of the 432 coating ( Figures 6 G and H) . 433
Fire retardant behaviour of the extracted NAs 434
The extracts showing the highest NA yields and purity were applied on cotton fabrics and 435 subjected to flammability tests in horizontal configuration. Table 4 collects the obtained data; 436
Figures 7-9 show some pictures of the treated fabrics at the end of the tests. 437
As already mentioned, the fabrics treated with the phosphate buffer alone were found to be 438 self-extinguishing with only 3 AO% and therefore PB was not considered for the evaluation of 439 the flame retardant effectiveness of the NA extracts. On the other hand, the TNE 50/100/10buffer alone was able to confer some flame retardant features to cotton (AO%=8): a few samples 441 self-extinguished and quite thin residues remained. 442
An add-on of 8% was also considered for yeast-derived DNA samples, as optimized in 443 previous studies 4 . In contrast, the LV-derived NA-containing extract did not allow reaching an 444 8% dry add-on, and the maximum obtained value was about 5%. 445
Interesting results were observed with the application of the AY-derived NA-containing 446 extract. In fact, all the tested samples achieved self-extinction, and the best performances were 447 obtained for the AY extract even without purification (60% residue). However, AY NA-448 containing solution after microfiltration and ultrafiltration, provided similar flame retardant 449 features, as confirmed by almost comparable residues (50% and 47%, respectively) and burning 450 rates (1.15 mm/s) (Table 4 and Figure 7) . 451
Furthermore, long afterglow combustion was observed in all of the investigated samples. The 452 good flame retardant properties of unpurified AY-derived extract are likely due to the high 453 content of low molecular weight DNA (Fig. 4) , which makes the biomacromolecule more 454 effective in protecting the underlying fabric (Bosco et al., 2015) . The effect of the LV-derived extracts in the flammability tests was almost negligible: just a 476 slight decrease in the burning rate was observed (1.3 mm/s vs. 1.5 mm/s for treated and untreated 477 fabrics respectively). Furthermore, an incoherent and very limited final residue was observed 478 (Figure 9 ). These findings could be ascribed to the low dry add-on of the biomacromolecules on 479 the fabrics (i.e. about 5 wt.%), as compared to the other samples (8 wt.%). 480 which provided self-extinction to most of the treated fabrics. On the other hand, the NAs 501 recovered from vegetable waste were not as effective as their yeast counterpart, likely due to the 502 lower final dry add-on achieved (i.e. about 5 wt.%).
require the use of toxic reagents, may represent, as a whole, a new simple and gree approach to 505 face the current challenges related to rational environmentally friendly valorisation of wastes 506 from agriculture and food industry. Finally, the simplicity of the proposed method seems to make 507 it quickly upscalable for larger scale exploitation. 508
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